Reactivation renders consolidated memory labile again, and the ensuing temporary 2 3 reconsolidation process is highly susceptible to mnemonic modification. Here, we 2 4
Introduction 4 1
Memory recall is constructive in nature and the mere act of recalling a memory 4 2 renders it labile and highly susceptible to modification (Nader, Schafe et al. 2000, Lee, 4 3 Everitt et al. 2004 , Lee, Di Ciano et al. 2005 , Alberini and LeDoux 2013 , Lee, Nader 4 4 et al. 2017 , Scully, Napper et al. 2017 . While emotional factors are known to exert Empirically, post-retrieval manipulations gave rise to inconclusive patterns of results, 4 9 days was strictly controlled to be 24 hours (Fig. 1) . 1 3 7 2.1 Subjects 1 3 8 151 participants took part in the behavioral experiment proper (four experimental 1 3 9 groups n = 28 each; control group n = 39) and 46 participants took part in the fMRI 1 4 0 experiment (experimental group n = 18; control group n = 28). All of them were 1 4 1 recruited from the East China Normal University (17 -30 years old, mean = 1 4 2 22.05±2.51, SD, 26 males). All had normal or corrected-to-normal vision and reported 1 4 3 regular nocturnal sleep and no history of any neurological, psychiatric or endocrine 1 4 4 disorder. The participants received monetary compensation for their participation. 1 4 5
Written informed consents were obtained from all participants and the study was 1 4 6 approved by the University committee on Human Research Protection (UCHRP) at 1 4 7
East China Normal University. An additional 60 participants (37 and 23 for the 1 4 8 behavioral and fMRI experiments, respectively) were recruited but were not invited to 1 4 9 enter the subsequent sessions because their performance accuracy was below 40% in 1 5 0 the last round of the Test of Associative-learning on Day 1. 1 5 1 2.2 Stimuli 1 5 2 60 grayscale front-facing faces of neutral expression from unfamous volunteers 1 5 3 (30 males) were selected from CAS-PEAL-R1 database 1 5 4 (http://www.jdl.ac.cn/peal/index.html). These were divided into two sets of 30 faces 1 5 5 each (each set consisted of 15 males and 15 females). One set was used in the 1 5 6 behavioral and fMRI experiments, in which both day1-Acquisition and 1 5 7 day2-New-learning employing the same set of 30 faces (Fig. 1 ). The second set was 1 5 8 themselves with the 30 faces on Day 1 (familiarization session) by viewing these 1 7 0 faces passively. Each face was presented at the center of the screen for 3 s and 1 7 1 separated by a jittered inter-trial interval of 2-4 s (mean = 3s). The whole set of 30 1 7 2 faces was presented three times in a randomized order. 1 7 3
Following the familiarization phase, the participants were then asked to 1 7 4 memorize 30 face-location associations (day1-Acquisition; A), involving each face 1 7 5 being paired with one of five location points on the screen. They were allowed 4 s to 1 7 6 learn each pairing ( Fig. 1B) . Immediately after each acquisition of the 30 1 7 7 face-location pairings, a memory test ensued (Test of Associative-learning, AT, Fig. 1 ). 1 7 8
On each test trial, the face cue and all five location points were presented together, 1 7 9 and the participants were asked to indicate within 4 s which location disc was 1 8 0 originally paired with the face in the Acquisition stage by pressing the button 1 8 1 corresponding to the target location using an MRI-compatible keypad (see cartoon in 1 8 2 Fig. 1D ). This Acquisition -Test of Associative-learning procedure was repeated four 1 8 3 times with the set of face-location associations presented in a new randomized order 1 8 4 in each cycle. The trials were separated by jittered inter-trial intervals of 3-7 s (mean 1 8 5 = 5s) and no feedback was given. 1 8 6
On Day 2, the participants were asked to recall their memory of the previously 1 8 7 learned face-location associations by identifying the target location that was 1 8 8 associated with a given face (day2-Reactivation; RE, Fig. 1 ). A New-learning 1 8 9 procedure was then administered aiming to interfere the processes of memory 1 9 0 reconsolidation. The participants were asked to learn to associate the 1 9 1 originally-learned faces with a new target location (i.e., learning new face-location 1 9 2 associations, Fig. 1C ). This New-learning session consisted of four cycles of 1 9 3
New-learning (NL) and Test of New-learning (NT). 1 9 4
In order to pinpoint the temporal characteristics of interference on memory 1 9 5 reconsolidation, four temporal intervals, namely 0', 20', 30', and 40', between the 1 9 6 day2-Reactivation and New-learning were administered separately to the four 1 9 7 experimental groups. During these post-reactivation intervals, the participants listened 1 9 8 to light music without having to perform any task. On Day 3, the participants recalled the face-location associations they had 2 0 0 acquired on Day 1 (day3-Final-test; FT), identifying the target locations that were 2 0 1 associated with given faces from Day 1. 2 0 2 A mixed 5 (between-group factor, four experimental conditions and control 2 0 3 condition) × 3 (within-group factor: Day1, Day2 and Day3) analysis of variance 2 0 4 (ANOVA) was applied on percentage correct data from the behavioral experiment. Analogously, a mixed 2 (Group Exp. and Ctrl.) ൈ 3 (Day1, Day2 and Day3) ANOVA 2 0 6 was applied on the data from the fMRI experiment. Moreover, to account for inter-subject variability, the within-subjects correct rates 2 0 8 were normalized to obtain relative correct rates using the following equations, 2 0 9
The within-subjects relative Correct Rate 2-1 reflects the memory decay after 2 1 2 Day1-Acquisition before Day2-Reactivation, whereas the relative Correct Rate 3-2 2 1 3 reflects the memory change due to the New-learning intervention. 2 1 4
Classification of correct, intrusive and non-intrusive responses 2 1 5
During the Final-test session, the participants were instructed to respond to the 2 1 6 target location as they learned in the acquisition on Day 1. Since the experimental 2 1 7 groups experienced new-learning on Day 2, there were three categories of responses 2 1 8 in the day3-Final-test. If the response was correctly matched with acquisition, it was a 2 1 9 correct hit. If it was incorrectly matched with the location they acquired in the new 2 2 0 learning on Day 2, it was classified as an intrusive error. Responses made to the other 2 2 1 three locations would be non-intrusive errors (Fig. 1D) . We compared the difference 2 2 2 12 between the correct and the intrusive proportions among the groups. If the correct 2 2 3 rate/intrusive ratio was not significantly different between the experimental groups 2 2 4 and the control group, then we would infer that new learning did not cause any 2 2 5 significant effect. By contrast, if there were significant differences in the correct 2 2 6 rate/intrusion ratio between the groups, we would conclude that the new learning 2 2 7 might have disrupted the original-memory more severely in the experimental 2 2 8 group(s). 
Control experiment: Effectiveness of content-similarity in memory intervention
In declarative memories, content similarity shared between the acquisition and 2 3 1 new-learning material is a key factor for effective intervention as only similar new 2 3 2 materials were found to induce memory update, disruption or enhancement via used in the post-reactivation intervention has to be similar enough to those used in the 2 3 6 acquisition to cause any discernible effect on the reconsolidation processes. To test 2 3 7 this prediction, we ran an additional control experiment in which we utilized new and 2 3 8 unencountered faces as the post-reactivation new-learning material (i.e., new faces to 2 3 9 be paired up with the original locations). Thirty-three slices of functional MR images were acquired using a gradient EPI 2 4 4 sequence (EPI volumes per run = 192, FOV = 210×210 mm 2 , matrix = 64×64, 2 4 5 in-plane resolution = 3.75×3.75 mm 2 , thickness = 4 mm, without gap, repetition time 2 4 6 = 2 s, echo time = 30 ms, flip angle = 90°), covering the entire brain. A 2 4 7 high-resolution structural image for each participant wasp also acquired using 3D 2 4 8 correction (SVC) using a functional mask derived from subsequent memory effects as 3 0 0 the volume of interest (covering the hippocampus and the amygdala, (Kim 2011)). or non-intrusive). Six motion regressors were also included. For the group-level 3 0 6 analysis, the single-subjects contrast images for the 3 experimental conditions (i.e., 3 0 7 "correct/intrusive/non-intrusive" trials, averaged across the two fMRI-runs) were 3 0 8 entered into an ANOVA. The statistical threshold was set to P-FWE=0.05, whole 3 0 9 brain corrected at peak level (cluster size estimated at P-unc. = 0.005). The random 3 1 0 effects analysis consisted of a one-sample t-test assessing the significance of Delta 3 1 1 T-covariate at the group level. Specifically, the "Intrusive > Non-intrusive" contrast 3 1 2 revealed a cluster in the left inferior frontal gyrus. We accordingly extracted the beta 3 1 3 estimates of the left IFG from each subject using Marsbar and correlated these beta We revealed compelling evidence in support of the existence of reconsolidation. 3 1 9
In the behavioral experiment, the Day × Group repeated measures ANOVA on 3 2 0 percentage correct showed a strong "Day × Group" interaction effect (F (8, 292) = 7.26, 3 2 1 P < 0.001, Fig. 2A , Supplementary Table S1 ). We then ran two separate ANOVAs and 3 2 2 found the group differences were only in the day3-Final-test, (F (4, 146) = 5.11, P = 3 2 3 0.002, Fig. 2A , Supplementary Table S1 ) but not in day2-Reactivation (F (4,146) =0.39, 3 2 4 P = 0.81). In order to account for individual variances, we normalized the percentage 3 2 5 correct data and re-ran ANOVAs on these synthetic, more sensitive indices. A 2 3 2 6 (correct rate 2-1 ; correct rate 3-2 ) x 5 (Group) repeated measures ANOVA equally 3 2 7 showed a strong interaction between the factors (F (4,146) = 6.00, P < 0.001). Two 3 2 8 separate ANOVAs showed that the interaction was driven by a main effect in relative 3 2 9 correct rate 3-2 between Days 2 and 3, confirming that the significant between-group 3 3 0 differences were specifically caused by new-learning (relative correct rate 3-2 : F (4, 146) 3 3 1 = 9.75, P ൏ 0.001, Fig. 2B right, Supplementary Table S2 ) but not before 3 3 2 new-learning (relative correct rate 2-1 : F (4, 146) = 0.39, P = 0.81, Fig. 2B left) . reconsolidation. As expected, the difference in the relative correct rates between Day 3 3 8 2 and Day 3 for Group 0' and 20' were significantly lower that other three groups (all 3 3 9
Ps < 0.05, LSD multi-comparison, Fig. 2B ), indicating the influence of new-learning 3 4 0 was indeed highly time-dependent. 3 4 1
It has been reported that new-learning could produce an intrusive effect to our 2010). In view of this, we tested for the intrusive effect in the current context. On 3 4 5 each trial, there were five location points; each of which could be a potential choice. Operationally, for the experimental groups, at day3-Final-test, responses made to the 3 4 7 target location would be a hit, responses made to the newly-learned location would be 3 4 8 an intrusive error, whereas responses made to any of the other three locations would 3 4 9 be a non-intrusive error (see Methods). The intrusive proportion of Group 20' was 3 5 0 significantly higher than other three groups (all Ps < 0.05, Fig. 2C, Supplementary Fig.  3 5 1 S2, Supplementary Table S3 ), whereas these intrusive errors in the other three groups 3 5 2 did not differ. Interestingly, in Group 20', the intrusive proportion did not differ from 3 5 3 the correct rate, while in other three groups the correct rates were significantly higher 3 5 4 rate 3-2 , respectively. There was no difference in Group for relative correct rate 2-1 but 3 7 0 there was a significant interaction for the relative correct rate 3-2 . Post-hoc tests 3 7 1 confirmed that the memory for the Group 0' and 20' decreased far more drastically 3 7 2 than Group 30', 40' and the control group. (C) The intrusive proportion of Group 20' 3 7 3 was significantly larger than other groups. (D) Behavioral result in the fMRI 3 7 4 experiment was consistent with that of the behavioral experiment. Both Group Exp. 3 7 5
and Ctrl. performed similarly on Day 2. But the performance of the Group Exp., who 3 7 6 had received post-reactivation New-learning on Day 2, diminished far more severely 3 7 7 than Group Ctrl. at the Final-test. (E) Using a relative measure, in the fMRI 3 7 8 experiment, there was no Group difference in the relative correct rate 2-1 , but Group 3 7 9
Exp. was significantly more impaired than Group Ctrl. in the relative correct rate 3-2 . 
content-similarity between acquisition and intervention 3 8 6
In this control experiment, the new-face-learning caused no effect on 3 8 7 reconsolidation. We ran a 3 × 2 repeated measures ANOVA (Day×Group) on 3 8 8 percentage correct and found neither a group main effect nor an interaction effect 3 8 9
(group main effect: F (1,2) = 1.49, p = 0.24; interaction: F (2, 2) = 1.29, p = 0.29; 3 9 0 Supplementary Fig. S1 ). We conducted the post-hoc tests regardless and confirmed 3 9 1 there were no group differences in day2-Reactivation (t (1, 20) = 0.47, p = 0.65) or 3 9 2 day3-Final-test (t (1, 20) = -0.22, p = 0.82), nor in the relative correct rate 3-2 between 3 9 3 Days 2 and 3 (t (1, 20) = -1.36, p = 0.19). These indicate that new-learning using "new 3 9 4
faces" was ineffective in causing interference in the memory traces during 3 9 5 reconsolidation. 3 9 6
fMRI experiment results 3 9 7
We have thus far established in the behavioral experiment that new-learning 3 9 8 following reactivation did intrude into the already encoded, yet labile memories, and 3 9 9 produce overt changes in terms of memory behavior. We then tap into the rather 4 0 0 complicated and unresolved mechanisms of reconsolidation by means of functional 4 0 1 imaging. We replicated these behavioral patterns in the fMRI experiment with a new 4 0 2 group of participants. A 2×2 repeated measures ANOVA (Day×Group) showed an 4 0 3 interaction effect (F (2, 88) = 6.86, P = 0.002, Fig. 2D ). The performance for the 4 0 4 experimental group was significantly lower than that of control group in the relative 4 0 5 correct rate 3-2 (t (44) = -3.65, P ൏ 0.001, Fig. 2E right) but not in the relative correct 4 0 6 rates 2-1 (t (44) = 0.18, P = 0.860, Fig. 2E left) . 4 0 7
To look into the neural correlates, we ran a "Day×Group" model to test for the 4 0 8
interaction between Day and Group to look for the effects of new-learning on original 4 0 9 memory. Specifically, the interaction term (R Day2,Exp -R Day3,Exp ) vs. (R Day2,Ctrl -R Day3,Ctrl ) 4 1 0 revealed activation of left hippocampus and right amygdala (Fig. 3 ). Both regions 4 1 1 yielded significant activation (hippocampus: peak P-svc = 0.049; amygdala: peak 4 1 2 P-svc = 0.037) with small volume correction (SVC) (volume-of-interest obtained 4 1 3 from a subsequent memory effects contrast: remembered vs. forgotten)(Kim 2011). Notably, the amygdala has been known to be related to emotional processes especially 4 1 5 by those that are involved in fear and threat memory reconsolidation (Agren, Engman showed a significant positive correlation with the percentage correct rates (r = 0.48, P 4 4 9 = 0.045, Fig. 4 left panel) , whereas the beta estimates showed a negative correlation 4 5 0 with the subjects' intrusive proportion (r = -0.45, P = 0.060, Fig. 4 right panel) . We 4 5 1 interpret these pattern of results as that the IFG is involved in mediating the 4 5 2 recollection bias towards the originally learned information. The more strongly the 4 5 3 inferior frontal cortex is activated, the successful the participant would be in 4 5 4 discriminating the respective memory traces associated with the original acquisition 4 5 5
and new-learning, whereas a weaker inferior frontal involvement signifying a lower 4 5 6 ability in dealing with the competition between mnemonic representations of the 4 5 7
initially-learned and newly-acquired associations. association). We proposed two possible explanations for this: First, the faces encoded 5 2 3 by the participants might inherently carry emotional valence and collaterally engaged 5 2 4 the amygdala. However, an alternative, more nascent, account is that the amygdala 5 2 5 has a seat during declarative memories reconsolidation, irrespective of emotion 5 2 6 aspects, acting in concert with the hippocampus. We are in favor of the latter account 5 2 7 especially our results align with some recent causal evidence that the human 5 2 8 amygdala possesses a general capacity to endogenously initiate memory prioritization 5 2 9 processes of declarative memories without eliciting any subjective emotional response The activation in the left inferior frontal gyrus was differentially increased by 5 3 3 intrusive events, suggesting that left IFG is involved in discriminating the originally between the originally learned and newly learned memories, the participants have to 5 3 8 recollect the episodes in greater detail to overcome the competition and meet the goal Overall, we reveal three neuro-behavioral features in declarative memory 5 4 9 reconsolidation in humans. The results provided insights into the mechanisms of 5 5 0 episodic memory reconsolidation, suggesting that reactivation can indeed effectively 5 5 1 trigger reconsolidation with several qualifiers. First, new-learning is effective only 5 5 2 when sharing common components with initial learning (acquisition). Second, we 5 5 3 establish the existence of a critical time-window for reconsolidation, defining it to be 5 5 4 20 minutes. Third, we show the involvement of the hippocampus and amygdala in 5 5 5
integrating newly-formed memories during reconsolidation, and with the IFG 5 5 6 resolving the mnemonic competition caused by the intrusion by newly-formed 5 5 7 memories. From a translational perspective, the present findings support the 5 5 8 possibility that non-invasive manipulation may one day make drug therapy obsolete 5 5 9
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